Single-cell gene expression analysis holds great promise for studying diverse biological systems, but methodology to process these precious samples in a reproducible, quantitative, and parallel fashion remains challenging. Here, we utilize microfluidics to isolate picogram and subpicogram mRNA templates, as well as to synthesize cDNA from these templates. We demonstrate single-cell mRNA isolation and cDNA synthesis, provide quantitative calibrations for each step in the process, and measure gene expression in individual cells. The techniques presented here form the foundation for highly parallel singlecell gene expression studies.
It is in general challenging to study mRNA levels in single cells. Techniques that are commonplace for population studies, such as differential display, subtractive cloning, and serial analysis of gene expression, are not yet amenable to the study of individual cells. 1 Currently, the most widely used assay for obtaining information about specific gene expression levels is cDNA synthesis from a cellular mRNA template using the RNA-dependent DNA polymerase reverse transcriptase (RT) coupled to the polymerase chain reaction (PCR) . 2 This technique, analyzed either with end point gel electrophoresis or with real-time fluorescence, has in a few instances, been applied to single cells. [3] [4] [5] [6] [7] Probing specific gene expression with fluorescence in situ hybridization has also been accomplished in fixed cells by utilizing computational fluorescence microscopy. 8 A few groups have applied RT-PCR and T7 mRNA amplification approaches to prepare cDNA for single-cell microarray analysis. 9-12 Although these researchers were able to ask questions about global gene expression in single cells, each group was limited in their ability to process a large number of cells. For example, in one study, 12 90 cells were isolated by laser capture microdissection, but only 16 exhibited robust expression of the ubiquitous transcript glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Single-cell cDNA library construction has been utilized sparingly and is limited to medium-and highabundance transcripts. [13] [14] [15] [16] The paucity of single-cell RT-PCR studies has been attributed to the laborious and difficult task of purifying mRNA from individual cells and subsequently synthesizing and purifying total single-cell cDNA. 17 The difficulty is due to the loss of material during the subsequent steps of cell isolation, lysis, mRNA isolation, and cDNA synthesis. Reasons for the loss include mRNA degradation due to RNases or damage, nonspecific adhesion to the reaction vessel, and reverse transcription not going to completion.
Because of the small reaction volumes and the ability for automation, microfluidic devices are the ideal platform to analyze single cells in a high-throughput, highly parallel fashion. Previous work in our laboratory demonstrated the feasibility of using microfluidic devices with integrated micromechanical valves to isolate mRNA and genomic DNA from small numbers of mammalian and bacterial cells, respectively. 18 In this report, we implement a more robust isolation and purification scheme, provide the first quantitative calibrations for microfluidic mRNA isolation and cDNA synthesis, and demonstrate sensitivity sufficient to detect medium and low copy number transcripts in single cells. All five steps (cell capture, cell lysis, mRNA purification, cDNA synthesis, cDNA purification) were implemented in a microfluidic assay on one integrated device. 
EXPERIMENTAL SECTION
Device Fabrication. All devices were fabricated using the process of multilayer soft lithography. 19 Devices are composed of three layers of the silicone elastomer poly(dimethylsiloxane) (General Electric) bonded to a RCA cleaned No. 1.5 glass coverslip and were fabricated as previously described, 20 but with slight modifications. 21 Negative master molds were fabricated out of photoresist by standard optical lithography and patterned with 20 000 dpi transparency masks (CAD/Art Services) drafted with AutoCAD software (Autodesk). The flow layer masks were sized to 101.5% of the control layer masks to compensate for shrinking of features during the first elastomer curing step. The flow master molds were fabricated out of 40-µm AZ-100XT/13-µm SU8-2015 photoresists (Clariant/Microchem), and the control molds were cast from 24-µm SU8-2025 (Microchem). The procedures for master mold and device fabrication are described in detail in the Supporting Information.
General Device Operation. The on-off valves within each device are controlled by individual pressure sources (Fluidigm) and are interfaced via 23-gauge pins (New England Small Tube) and Tygon tubing (VWR). A NI-DAQ card and Labview interface (National Instruments) were used to actuate the pressure sources.
Reagent Preparation. Lysis and wash buffers are brought to room temperature before utilization. Paramagnetic beads derivatized with oligo(dT) 25 sequences (Dynal Biotech) are suspended in lysis buffer to 3× the manufacturer's concentration. The first strand synthesis reaction is prepared according to the manufacturer's protocol (Qiagen), with enzymes left out until the reaction is ready to be performed on-chip. PCR collection buffer is prepared by bringing the respective PCR buffer to 1× concentration in H 2 O.
Microfluidic mRNA Isolation and cDNA Synthesis Process Flow. Nucleic acid processing was performed in one of two ways: single reactions in a serial manner or four reactions in parallel with the 4plex device. An autoCAD drawing of a 4plex device, as well as optical micrographs of sections of a device are pictured in Figure 1 Lysis buffer is loaded into all flow lines in the device through the specified inlet (Figure 1a) , except for the lines utilized for Sieve valves are present on a portion of a 200-µm-wide, 10-µm-high flow channel with a rectangular profile. A top-down view of a closed sieve valve (Figure 2a, b) shows when the valve is actuated, flow is restricted to the top and bottom ∼10 µm of the channel. Previous microfluidic column designs in our group used a slightly opened valve present on a flow channel with a semicircular profile to allow fluid flow, while not allowing beads to pass (Figure 2c) . 18 A sampling of parameter space sufficient to build functional bead columns by the two methods is given in Figure 2d . We either applied 1.5 psi pneumatic pressure to the bead inlet while varying the column valve's pressure or kept the column valve's pressure constant while varying the pressure applied to the flow inlet. Using the sieve approach, flow pressure can be varied by 1 order of magnitude more than the firstgeneration column, measured by whether the beads escape to waste (Figure 2d) . Similarly, when applying constant pressure to the bead inlet, the pressure applied to the sieve valve used to stack the beads can be adjusted 7-fold more than its firstgeneration counterpart. Because of the sieve valve's functionality over a breadth of parameter space, it enables columns to be constructed in a digital manner. This is contrasted to its analog predecessor, 18 where pressures needed to be finely tuned in order to obtain a functional column. The digital and analog nature of the respective columns is evident when visualizing the flow profile through stacked columns, and where in the channel beads can potentially escape (arrows in Figure 2a and b) . If the applied flow pressure over a column built by the previous method becomes too great, beads can escape at any point in the channel, whereas beads can only escape at the top and bottom portions (top-down view) of the channel if a column is built against a sieve valve.
After affinity column construction, NIH/3T3 cells or purified NIH/3T3 mRNA (Ambion) are loaded into a 4-nL portion of the lysis ring between the valves for pumps 1 and 2 (Figure 1a, b) . The contents of the ring are subsequently mixed 23,24 and pressuredriven over the affinity columns. Once mRNA capture is complete, a wash step is implemented. Then, the bead-mRNA complexes are collected by opening the sieve valve, closing the waste lines, and sending the beads to the output ports in RT-PCR buffer. Alternatively, solid-phase cDNA synthesis is performed directly on the affinity columns. To do this, the columns are flushed with RT and dNTPs in a first strand reaction buffer for 45 min, followed by heating the chips to 40°C on a thermal microscope stage to activate the polymerase. The dT sequences on the beads are used as primers. When cDNA synthesis is complete, the bead-cDNA complexes are sent to the output ports in PCR buffer, collected with gel loading tips (Promega), and frozen, pending future analysis. 
NIH/3T3 Cell
vacuum-gas plasma-treated polystyrene culture flasks (BD Falcon). Cells were then washed in 1× PBS, trypsinized, and further diluted in culture medium to stop the trypsinization reaction. After counting the cells, the cell suspension was washed in 1× PBS. The cells in the suspension were then pelleted at 2040g for 5 min and suspended in 1× PBS to a concentration of 10 6 cells/mL.
Conventional and Real-Time qPCR. A 132-bp portion of GAPDH was amplified from either the mRNA or 1st strand cDNA template using the following primers: GAPDH sense 5′-CCTG-GAGAAACCTGCCAAGTATG-3′; GAPDH antisense 5′-AGAGTGG-GAGTTGCTTTGAAGTC-3′.
A 294-bp portion of HPRT was amplified with the following primers: hypoxanthine phosphoribosyl transferase (HPRT) sense 5′-GCTGGTGAAAAGGACCTCT-3′; HPRT antisense 5′-CACAG-GACTAGAACAACCTGC-3′.
For real-time qPCR cycling, SYBR green was used as a probe in a Roche Lightcycler 1.5 according to the following thermal cycling protocol: 95°C for 15 min and 35 cycles of 94°C for 15 s, 55°C for 20 s, and 72°C for 15 s. Detection was enabled at 79°C
for GAPDH and 72°C for HPRT. Postrun melt curve analysis confirmed all products formed were full length and not primer dimers.
Conventional thermal cycling was carried out according to the following protocol: 95°C for 15 min and 30 cycles of 94°C for 30 s, 56°C for 1 min, and 72°C for 1 min, followed by a final extension phase at 72°C for 10 min. PCR products were visualized by SYBR green fluorescence on 1% agarose gels.
RESULTS AND DISCUSSION
Microfluidic mRNA Isolation. We first studied the efficiency and reproducibility of the microfluidic mRNA affinity purification step with purified mRNA from NIH/3T3 cells. These samples were loaded onto the chip shown in Figure 1 , captured on bead columns, followed by product-bead recovery and analysis with benchtop RT-qPCR. We measured the medium-abundance mRNA GAPDH (∼1800 copies/cell, Figure S-1a, Supporting Information) and the low copy number mRNA HPRT (5-10 copies/cell 25 ). For the two linear regression lines fitted to the threshold cycles (Ct) of the on-chip standards, R values of 0.98-0.99 were obtained ( Figure S-1b) . The measured sensitivity and dynamic range for GAPDH probed samples are 0.3-100 pg of NIH/3T3 mRNA, suitable for assays on 1-100 cells (Figure 3) . We achieved an average isolation/recovery efficiency of 80% for the samples interrogated for GAPDH (Figure 3) . For the purposes of this discussion, 100% efficiency is defined as what one achieves from an RT-qPCR utilizing purified templates subjected to no isolation procedure (e.g., a benchtop standard curve with defined mRNA standards). We were also able to detect HPRT from NIH/3T3 mRNA templates ranging from 1 to 100 pg, both on-and off-chip ( Figure S-1b, c) , but observed that the amplification efficiency for the on-chip samples differed from that of the off-chip samples. This complicates efforts 26 to calculate a reliable isolation/recovery efficiency using HPRT as a marker. At this point, we are only able to determine relative amounts of HPRT in a sample, without absolute quantification. The coefficient of deviation (experimental noise) for the GAPDH efficiency measurements was 14%. This noise can be attributed mainly to pipetting error in the downstream qRT-PCR reaction setups, different reagent lots for the on-and off-chip standard curve experiments, and loss of product during recovery from the devices.
Microfluidic cDNA Synthesis. Solid-phase cDNA synthesis was implemented on-chip with purified NIH/3T3 mRNA by utilizing the beads as both primers and a support. Gel electrophoresis results from PCR on templates processed microfluidically are shown in Figure 4a . When the reverse transcriptase enzyme was withheld as a negative control, no signal was detected by PCR with 100 pg of NIH/3T3 mRNA or with eight NIH/3T3 cells, demonstrating that DNA contamination within our devices is not an issue. As with the mRNA isolation process, single-cell sensitivity was realized. To calibrate the cDNA synthesis step, we generated a qPCR standard curve fitted to Ct values of known NIH/3T3 mRNA templates subjected to the solid-support first strand cDNA synthesis on the 4plex platform ( Figure S-1d) . The qPCR standard curve generated from microfluidic samples spans 4 orders of magnitude with a highly reliable correlation coefficient (R ) 0.99). As with the mRNA isolation procedure, we extrapolated measured values for our known on-chip templates by plotting the Ct values onto an off-chip RT-qPCR standard curve (primers specific to GAPDH, Figure 4b ). We obtained an average efficiency of 44% for the coupled mRNA isolation/cDNA synthesis/recovery steps. Because we performed total cDNA synthesis with oligo(dT) primers and then utilized specific primers for the PCR, the onchip measurements are less efficient than if we were to introduce specific primers into the first strand reaction. The average experimental variability (coefficient of deviation) for the coupled mRNA isolation/cDNA synthesis steps was 19%. This noise can be attributed to the same reasons that were found for the mRNA isolation variability, as well as the aforementioned differences in primers.
Cellular Measurements. Next, we sought to study gene expression in small numbers of NIH/3T3 cells. We first utilized 
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4plex devices to carry out the process of cell capture-cell lysismRNA isolation on individual cells (n ) 5). By comparing the Cts of the NIH/3T3 cellular samples to the off-chip NIH/3T3 mRNA standard curve ( Figure S-1c) , we obtained a raw estimate of 0.8 pg of mRNA/cell. Upon correcting for the 80% measured efficiency of the process, we estimate an average value of 1 pg mRNA/cell, consistent with published values 27 and slightly better than most commercial kits (Table S-1, Supporting Information).
We then carried out the five-step microfluidic process (cell capture-lysis-mRNA isolation-cDNA synthesis-purification) on various populations of cells, ranging from one to four cells. We subsequently ran off-chip GAPDH cDNA standards ( Figure S-1a) to calibrate the GAPDH copy number in each cellular sample (Figure 4c , black circles), as well as to obtain an average copy number for each sample size (Figure 4c, red circles) . Based on the raw GAPDH copy number of 1293 copies/cell obtained in the microfluidic cell samples, and after accounting for the 44% efficiency of the method, we estimate an average of 2938 ( 140 GAPDH transcripts per cell. This result is within a factor of 2 of the average of 1837 ( 146 transcripts obtained from bulk measurements (Figure 4c , green line). The bulk average was determined by running mRNA templates isolated from 2500 NIH/ 3T3 cells against a GAPDH cDNA standard curve (Figure S-1a) . For the single-cell samples, the cell-to-cell variation in copy number is rather large, with a coefficient of variation of 0.75 (n ) 8). This is significantly greater than the random error introduced by processing, which we estimate at 0.19 (n ) 25). These differences can be most likely attributed to inherent cell-to-cell variation, asynchronization in the cell cycle, and varying metabolic states.
A key feature of the microfluidic process is the ability to generate and recover concentrated mRNA or cDNA products. Because the beads are paramagnetic and therefore can be reconcentrated, they can be flushed out of the device in microliter amounts of buffer without irreversibly diluting the products. The product concentration after mRNA isolation/first strand cDNA synthesis is crucial for the integration of downstream on-chip steps and off-chip validation assays. A byproduct of the column's broad functionality is the versatility gained by the device user in choosing whether to make cDNA after mRNA isolation is complete. Furthermore, the present strategy to build affinity columns shows marked improvement in speed and robustness over the previous implementation 18 (Figure 2d) .
The mRNA isolation and cDNA synthesis calibrations show that this technique is reliable for templates that span 4 orders of magnitude in copy number. Notably, we were able to detect the presence of GAPDH and HPRT mRNAs from initial templates of 0.1 and 1 pg of mRNA, respectively, the former being roughly 10-20% of a single cell's mRNA. These results show promise for the detection of low-abundance transcription factors present in single cells. We were also able to show that cell lysis did not have an abnormal effect on subsequent mRNA capture. The mRNA content of single cells was determined by qRT-PCR to fall within 0.5-2.5 pg ( 27 We also demonstrated the significance of studying single cells as opposed to bulk samples. populations. This approach could have far-reaching implications for gene expression studies in developmental and cancer biology, where individual cells within a population succumb to different fates. Information pertaining to what genes are expressed in low to medium abundance in these individual cells would be impossible to gain from bulk studies that give average values over populations. The ability to acquire gene expression data from multiple cells, as well as single cells, should not be overlooked. In many cases, such as intercellular signaling studies, it may be of interest to study gene expression in small numbers of cells rather than individual cellular samples. Our technique and device has the dynamic range to support both types of assays. Furthermore, based on the mRNA isolation and cDNA synthesis calibration curves, it is not unreasonable to suspect our processing capabilities to be g100 cells/reactor, thus allowing automated preparation of larger samples.
CONCLUSIONS
The device and methodology presented here lay the groundwork for highly parallel economy-of-scale single-cell gene expression analysis. Although we limited the process to four reactions in parallel, the notion of realizing 50-500 reactions on one device is not far in the future. The possible number of samples one can attain with this technology is at least 1 order of magnitude larger than the current state of the art in single-cell gene expression studies. We also demonstrated the method to be a robust one, in that sample concentrations ranging 4 orders of magnitude could be retrieved and detected in a quantitative manner.
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